Introduction
============

A well-documented feature of epithelial ovarian cancers (EOCs) is the high frequency of loss of heterozygosity of a chromosome (Chr) 17 contig.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5]^ This observation along with complementation studies showing a reduction in tumourigenicity of an EOC cell line harbouring a transferred normal Chr17,^[@bib6]^ have suggested that Chr17 harbours tumour suppressor genes (TSGs). Chr17 TSGs implicated in EOC include *TP53* the most frequently mutated gene in EOC, and *BRCA1*, where a germline mutation predisposes to hereditary EOC.^[@bib7],\ [@bib8],\ [@bib9],\ [@bib10],\ [@bib11],\ [@bib12],\ [@bib13]^ Recently *DPH1*, *HIC1*, *NF1*, *RARA*, *RHBDF2* and *CYGB* have been proposed as TSGs in EOC, suggesting that a number of Chr17 genes have a role in EOC.^[@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18]^

In a recent transcriptome analysis, we described Chr17 genes dysregulated in high-grade ovarian serous carcinomas (HGOSCs) as compared with normal ovarian surface epithelial cells (NOSEs),^[@bib19]^ and showed that the chemokine *CCL2* (17q12) was one of the genes significantly underexpressed in HGOSCs.^[@bib19]^ We also reported low or absent expression in tumourigenic EOC cell lines as compared with a non-tumourigenic EOC cell line.^[@bib19]^ Low or absent *CCL2* expression in EOCs and cell lines has also been reported independently.^[@bib20],\ [@bib21],\ [@bib22]^ Underexpression has not been attributed to aberrant promoter methylation or somatic mutations.^[@bib20]^ Interestingly, single-nucleotide polymorphisms, located proximal to the *CCL2* locus, have been associated with risk for survival in OSCs.^[@bib23]^ *CCL2* was also shown significantly underexpressed in chemoresistant EOCs as compared with chemosensitive samples, and increased expression was an independent predictor of complete response, chemosensitivity and progression-free survival.^[@bib24]^ This group also reported that overexpressing *CCL2* in a chemosensitive EOC cell line resulted in increased *in vitro* sensitivity to paclitaxel.^[@bib24]^ In all of these studies gene expression analyses were limited by sample size and thus it is not clear whether dysregulated *CCL2* expression is characteristic of HGOSC, which may signify a role in disease pathology.

*CCL2* encodes a member of the C--C subfamily of chemokines, which functions as a chemoattractant for monocytes, memory T lymphocytes and natural killer (NK) cells.^[@bib25]^ The role of *CCL2* in cancer appears to be complex, as *CCL2* has been shown to both promote and suppress tumourigenicity. In gastric carcinoma cells, *CCL2* expression increased tumourigenesis and induced metastasis, whereas in malignant CHO cells, *CCL2* expression suppressed tumour formation.^[@bib26],\ [@bib27]^ In a melanoma cell line, *CCL2* expression led to tumour destruction but only with high levels of gene expression, while intermediate levels resulted in increased angiogenesis and tumour growth.^[@bib28]^ Interestingly, we have observed that *CCL2* expression was significantly induced in an EOC cell line, OV-90, which was rendered non-tumourigenic as a consequence of Chr3 fragment transfer in the context of a genetic complementation assay aimed at identifying genes implicated in TSG pathways.^[@bib29],\ [@bib30]^ Transcriptome analyses showed that *CCL2* was one of the most significantly upregulated genes in OV-90 Chr3-derived hybrids in addition to global transcriptome alterations that had occurred which when integrated with the transcriptomes of HGOSC samples, suggested that biological networks characteristic of HGOSC were affected.^[@bib29],\ [@bib30]^ How *CCL2* expression intersects TSG pathways is unknown, as the generation of stable *CCL2*-expressing clones from EOC cell lines that do not express *CCL2* have been unsuccessful.^[@bib20]^ Thus, the effect of modulating *CCL2* expression on the tumourigenic potential of EOC cells is unknown.

To investigate the effect of *CCL2* expression on the tumourigenic potential of EOC cells, we generated *CCL2*-expressing clones of the well-characterized OV-90 EOC cell line.^[@bib31]^ OV-90 exhibits morphological and somatic genetic features characteristic of HGOSC, such as harbouring a *TP53* mutation and chromosomal anomalies involving Chr17.^[@bib31]^ OV-90 does not express *CCL2* and is tumourigenic in mouse xenograft models.^[@bib31]^ Moreover, as referred to above, we have reported that *CCL2* expression was significantly induced in OV-90 clones that were rendered non-tumourigenic as a consequence of genetic manipulation.^[@bib29],\ [@bib30]^ Here, we report the effect of *CCL2* overexpression on the *in vitro* growth characteristics and *in vivo* tumourigenic potential of the OV-90 cell line. Another objective of our study was to describe *CCL2* gene and protein expression in an expanded set of well-defined HGOSCs and in normal tissues, particularly epithelial cells of normal fallopian tubes, one of the purported origins of HGOSC. As clinical correlates were available for HGSOC samples examined, we also relate expression to overall and disease-free survival.

Results
=======

Generation of OV-90 clones expressing CCL2
------------------------------------------

To assess the biological effect of expressing *CCL2* in EOC, we transfected OV-90 with a pDream2.1:*CCL2* construct. *CCL2* gene and protein expression in OV-90 are undetectable by reverse transcription (RT)--PCR and enzyme-linked immunosorbent assay analyses (ELISA) ([Figures 1a and b](#fig1){ref-type="fig"}). Two OV-90 clones, OV-90:*CCL2*^23^ and OV-90:*CCL2*^49^, were selected from the 47 clones obtained in cell transfection assays with the *CCL2*-expressing construct. They were selected for further analysis based on the high level of CCL2 protein and gene expression as compared with RH-6 and the parental OV-90 cell line ([Figures 1a and b](#fig1){ref-type="fig"}, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). RH-6 is one of the OV-90 hybrids derived in previous chromosome transfer experiments that demonstrated transcriptional reprogramming, including upregulation of *CCL2*, and suppression of tumourigenic potential as compared with OV-90.^[@bib29]^ The effect of overexpressing *CCL2* in the OV-90:*CCL2* clones was compared with the parental OV-90 cell line and two 'empty vector\' (EV) clones, OV-90:EV^2^ and OV-90:EV^9^, selected from the 16 OV-90 clones transfected with pDream2.1, that also demonstrated no evidence of *CCL2* expression ([Figures 1a and b](#fig1){ref-type="fig"}).

*In vitro* morphological and growth characteristics of *CCL2*-expressing clones
-------------------------------------------------------------------------------

In cell culture, OV-90 propagates as a homogeneous monolayer of tightly packed cells with a cobblestone-like appearance typified by epithelial cells^[@bib31]^ ([Figure 1c](#fig1){ref-type="fig"}). In contrast, the cell morphology of the *CCL2*-expressing clones, particularly OV-90:*CCL2*^23^, appeared more elongated and the individual cells were less tightly packed as compared with OV-90 and the EV clones ([Figure 1c](#fig1){ref-type="fig"}).

The clones exhibited no overt differences in growth rate as they were passaged in cell culture. Though the viability of all clones relative to the OV-90 cell line was lower, as measured using the XTT cell viability and proliferation assay, these differences were not significant ([Figure 1d](#fig1){ref-type="fig"}).

OV-90 is able to form spheroids in hanging drop cultures,^[@bib29],\ [@bib32]^ and so were the *CCL2*-expressing clones ([Figure 2a](#fig2){ref-type="fig"}). Both of the EV clones appeared to have lost this capacity though they maintained the ability to form numerous small cell aggregates ([Figure 2a](#fig2){ref-type="fig"}). This phenotype was observed with five other independently selected EV clones (data not shown).

OV-90 is able to form large colonies in cell culture.^[@bib29]^ The *CCL2*-expressing clones formed fewer colonies as compared with OV-90 and the EV clones, though this difference was not significant ([Figures 2b--d](#fig2){ref-type="fig"}). Also, the colonies formed by the *CCL2*-expressing clones appeared to be smaller than those formed by OV-90 and the EV clones ([Figures 2b and c](#fig2){ref-type="fig"}).

The effect of overexpressing *CCL2* on cell migration was assayed using *in vitro* 'wound healing\' assays. There appeared to be modest differences in the rate at which cells migrated within the wound, particularly with clone OV-90:*CCL2*^49^ ([Figure 2e](#fig2){ref-type="fig"}). By day 5, OV-90 and all clones, with the exception of clone OV-90:*CCL2*^49^, filled the wound. Clone OV-90:*CCL2*^49^ filled the wound by day 7.

Tumourigenicity assays of *CCL2*-expressing clones
--------------------------------------------------

OV-90 cells are able to form tumours when injected at both subcutaneous (s.c.) and intraperitoneal (i.p.) sites in immunocompromised mice, where there is also an accumulation of ascites at the i.p. site.^[@bib31]^ Using severe combined immunodeficiency mice, the *CCL2-*expressing clones were tumourigenic at the s.c. site, where there were no significant differences in the time-to-kill, final mean tumour volume or mean tumour growth rate as compared with OV-90 ([Figure 3](#fig3){ref-type="fig"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Although the *CCL2*-expressing clones were also tumourigenic at the i.p. site, the survival, as measured by the days-to-kill, was significantly longer for each *CCL2*-expressing clone when compared with OV-90 and both of the EV clones (*P*\<0.00853 and *P*\<0.001, by *t*-test and Kaplan--Meier survival curve analyses, respectively; [Figure 4](#fig4){ref-type="fig"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). In addition to analysing all groups in the Kaplan--Meier survival curve analyses, all possible individual pairs of groups were also analysed and resulted in significant differences in survival between each *CCL2*-expressing clone and OV-90 or either of the EV clones (*P*⩽0.001; [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Using primer-specific RT--PCR assays vector-driven *CCL2* expression was detected in the xenografts derived from *CCL2*-expressing clones ([Figure 5a](#fig5){ref-type="fig"}). There were no overt differences in the appearance or presentation of the tumours, though some of the tumours from the *CCL2* clone-injected mice were less bloody than those of OV-90-injected mice ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Xenografts derived from OV-90 and both *CCL2*-expressing clones, from both the i.p. and s.c. experiments, were indistinguishable when hematoxylin and eosin slides were examined by a gynecologic pathologist. All xenografts appeared as high-grade serous tumours, and displayed high levels of mitosis and necrosis, with no overt differences in terms of infiltrating cells ([Figure 5b](#fig5){ref-type="fig"}). Although all of the OV-90-injected mice showed evidence of tumour implants on either the peritoneum or the abdominal organs, this was not observed in all of the *CCL2* clone-injected mice ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). However, the sample size was small and the experiments were not designed to quantitatively measure these features.

Expression microarray analysis of *CCL2*-expressing clones
----------------------------------------------------------

A transcriptome analysis was performed on RNA extracted from the OV-90 and *CCL2*-expressing clone cell lines. The gene expression profiles were highly correlated (\>0.93), suggesting that modest differences in their transcriptomes occurred. Two-way comparative analyses were performed comparing OV-90 and the *CCL2*-expressing clones to determine whether biological networks characteristic of EOC were affected in these clones. Based on defined criteria to reduce biases owing to technical noise,^[@bib33]^ 67 genes were identified as differentially expressed in the *CCL2-*expressing clones ([Table 1](#tbl1){ref-type="table"}). These genes were significantly enriched for gene ontology terms such as immune response and defence response ([Figure 6a](#fig6){ref-type="fig"}). Ingenuity pathway analysis found cancer and immune cell trafficking to be significantly enriched biological functions, and identified 'cell-to-cell signalling and interaction/inflammatory response/cellular movement\' to be the top network ([Figure 6b](#fig6){ref-type="fig"}). A survey of the literature found 46% (*n*=31) of these genes associated with EOC research ([Table 1](#tbl1){ref-type="table"}).

*CCL2* gene and protein expression in HGOSC, and relationship with overall and disease-free survival
----------------------------------------------------------------------------------------------------

Using a custom-made gene expression platform,^[@bib34]^ we evaluated *CCL2* expression in 79 HGOSC samples. About 65% of these HGOSCs (*n*=51) exhibited *CCL2* expression at levels lower than that observed in whole ovary ([Figure 7a](#fig7){ref-type="fig"}). In whole ovary, stromal cells predominate and only a small proportion represent the single layer of surface epithelial cells, which is one of cell types proposed to be the origins of EOC.^[@bib35],\ [@bib36],\ [@bib37]^ Relative to the mean or median of the expression of the NOSEs, *CCL2* was significantly (*P*=0.015) underexpressed in 100% (*n*=79) and 98.7% (*n*=78) of the HGOSCs, respectively.

We also investigated CCL2 protein expression by immunohistochemistry using a tissue array that contained cores from 65 of the above HGOSC samples. The majority of cores (77%) exhibited no detectable immunostaining (40%) or detectable, but low, levels of staining (37% [Figure 7b](#fig7){ref-type="fig"}, [Table 2](#tbl2){ref-type="table"}). Moderate or clearly detectable staining was observed in 23% of samples, where the staining pattern was not always uniform across the epithelial cell components of the tumour ([Figure 7b](#fig7){ref-type="fig"}). Immunohistochemistry analysis was also evaluated in an additional 122 HGOSC samples, which were included in the same array as described above. The same staining patterns were observed, where the majority of cores (71%) exhibited no detectable immunostaining (42%) or detectable, but low, levels of staining (29% [Table 2](#tbl2){ref-type="table"}).

Although no cores were available from whole ovary with intact NOSEs, the tissue array contained cores from 11 normal fallopian tube samples, which is a recently posited origin of some HGOSCs.^[@bib38]^ Interestingly, CCL2 staining was uniform and particularly evident in the fallopian tube epithelial cells ([Figure 7b](#fig7){ref-type="fig"}).

Clinical data to assess overall and disease-free survival were available for the 187 cases examined for CCL2 immunostaining. The relationship between CCL2 immunostaining and overall or disease-free survival was evaluated using Kaplan--Meier survival curve analyses. The comparison of cases whose tumours exhibited negative or low CCL2 staining (*n*=136) to those whose tumours exhibited moderately or clearly detectable CCL2 staining (*n*=51) found no significant relationship between CCL2 protein expression and either overall or disease-free survival in this sample set ([Figures 7c and d](#fig7){ref-type="fig"}). The analyses were performed using all possible combinations based on staining patterns grouped according to absent, low, moderate and high staining levels and no significant relationship was observed with overall or disease-free survival for any of these comparative groups.

Discussion
==========

Ectopically overexpressing *CCL2* in the OV-90 EOC cell line significantly affected the tumourigenic potential in a mouse xenograft model at i.p. but not s.c. sites. The overexpressing clones differed from the OV-90 parental cell line in their cell morphology and they were less viable. They also exhibited a reduced capacity to form large colonies in colony formation assays, and exhibited a modest effect on cell migration in wound healing assays. These results suggest the possibility that overexpressing *CCL2* altered the growth characteristics of OV-90, although these differences were not significant. The modest alterations of the growth characteristics observed in *in vitro* assays could explain the latency in tumour formation and significantly increased survival observed in mouse xenograft assays at i.p. sites. It does not explain the observation that tumours from the *CCL2*-expressing clones formed at s.c. sites at the same rate as OV-90. A similar observation was made by Nokihara *et al.*^[@bib39]^ that reported that mice injected intravenously with *CCL2*-expressing transfectant clones of a human lung adenocarcinoma cell line survived longer and exhibited a delay in metastasis formation, whereas no difference, relative to controls was observed in mice injected at s.c. sites. The authors proposed an NK cell-dependent mechanism where the anti-tumour effects by cytokines are regulated differently by various organ microenvironments.^[@bib39]^ Furthermore, dendritic cell distributions and plasma levels of angiogenic cytokines in response to tumour cell injections have been shown to be different depending on whether the cells were injected s.c. or i.p.^[@bib40],\ [@bib41]^ In addition, our research group has previously reported that OV-90-derived xenografts from s.c. injection sites had a different expression profile when compared with xenografts from i.p. injection sites, suggesting that the microenvironment in which the cells are injected impacts their transcriptome.^[@bib29],\ [@bib32]^ Collectively, these results indicate that the s.c. and i.p. microenvironments differ in responses to tumour cell injections, although the specific differences have not been fully elucidated. For ovarian cancer, the i.p. injection site is a better model, as it is more reflective of the human condition.

Gene expression microarray analysis revealed that immune response-related genes and pathways were differentially expressed in the *CCL2*-expressing clones, relative to OV-90. The upregulated genes included tumour antigens, such as those encoded by the *MAGE* and *GAGE* genes, which have been shown to induce tumour-specific immune responses (reviewed in Bodey^[@bib42]^). The expression of such genes along with *CCL2* may have contributed to the latency in tumour formation at i.p. sites in our study by inducing an anti-tumour response. This notion is supported by the observation that a CCL2-expressing lung adenocarcinoma cell line contributed to an NK cell-dependent anti-tumour response, as mentioned above.^[@bib39]^ In addition, a recent study involving mice injected with the 4T1 mouse breast cancer cell line resulted in an accumulation of neutrophils exhibiting cytotoxic effects to tumour cells in the pre-metastatic lung.^[@bib43]^ The cytotoxic activity was attributed to the secretion of CCL2.^[@bib43]^ Thus, NK cells and neutrophils may be involved in anti-tumour activities as a consequence of CCL2 expression. Both of these cell types are present in severe combined immunodeficiency mice (used in this study) that despite lacking adaptive immune components have intact innate immune components, including NK cells and neutrophils. Interestingly, four known chemoattractants for neutrophils (*CXCL1*, *CXCL5*, *CXCL6* and *IL8*)^[@bib44]^ were among the genes found overexpressed in the *CCL2*-expressing clones, suggesting the possibility that neutrophils may have contributed to tumour latency in our study.

In another recent study, hepatocellular carcinoma patients exhibiting high CCL2 expression, along with other chemokines, had better survival than those that did not, and this effect was only observed in patients with early-stage disease.^[@bib45]^ A role for CCL2 in early stages of tumour development was also suggested in the study by Granot *et al.*,^[@bib43],\ [@bib45],\ [@bib46],\ [@bib47]^ which suggested that CCL2 expression levels may be critical in maintaining an anti-tumour environment, but that the tumour cells may, under certain circumstances, outcompete the cytotoxic effects of immune cells, escaping anti-tumour responses, resulting in clinically detectable tumours and/or disease with poorer outcomes. This may explain why the xenografts derived from OV-90 and the *CCL2*-expressing clones appeared indistinguishable when they were collected from the mice at killing.

The *CCL2*-expressing clones also showed upregulation of genes previously implicated in EOC, such as the TSG *SPARC*,^[@bib48]^ suggesting that some of the transcriptional changes may be relevant to EOC biology. Based on our transcriptome analysis OV-90 does not appear to express the canonical receptor for CCL2, *CCR2b*^[@bib49]^ nor *CCR1,* another proposed CCL2 receptor,^[@bib50]^ and neither of these receptors were differentially expressed in our comparative analyses (data not shown). Thus, the transcriptional changes observed in the *CCL2*-expressing clones may be due to signalling through a yet unidentified CCL2 receptor as other studies have also shown CCL2 mediated signalling in the absence of *CCR2*.^[@bib51],\ [@bib52]^

We have reaffirmed that *CCL2* gene expression^[@bib19]^ is significantly underexpressed or absent in HGOSC and that this is consistent with protein expression. CCL2 expression in the epithelial cells of the fallopian tube is intriguing in light of the recent hypothesis that these cells, in addition to NOSE cells, are the progenitor cell type for HGOSC.^[@bib38]^ Our immunohistochemistry results are consistent with earlier findings, which demonstrated CCL2 secretion by normal fallopian tube epithelial cells.^[@bib53]^ It was proposed that chemokines, including CCL2, expressed by the epithelial cells of the female reproductive tract contribute to normal physiological homoeostasis and protection from pathogens by activating immune cells.^[@bib53]^ In addition to this protective function, chemokines, such as CCL2, may protect these cells from malignant transformation, again suggesting that *CCL2* may be involved early in tumour development.

Our gene expression results are consistent with recently reported gene expression data extracted from a large independent study that applied a different gene expression platform by the Cancer Genome Atlas Research Network (TCGA).^[@bib54]^ *CCL2* was found underexpressed at least twofold, relative to normal fallopian tube samples, in about 68% of the 506 HGOSCs, where only 8% of samples exhibited a greater than twofold difference in gene expression. As our immunohistochemistry results indicate clearly detectable CCL2 protein expression in the epithelial cell component of the fallopian tubes and less so in the stromal cell component, it is possible that this independent comparative analysis is an underrepresentation of the gene expression pattern of *CCL2* in HGOSC samples.

A transcriptional signature predictive of overall survival was identified using a subset of gene expression data and 215 HGOSCs in the report by the TCGA, and *CCL2* was not among the genes identified, consistent with our findings.^[@bib54]^ The TCGA study also reported that four robust expression subtypes exist in HGOSC, however, the genes making up these subtypes were not reported.^[@bib54]^ It would be interesting to see whether *CCL2* contributed to one of these subtypes. It would also be interesting to re-evaluate associations with overall survival when protein expression is taken into consideration in the TCGA samples as well as the expression subtypes. These results (including our own) are in part in contrast to the findings of Fader *et al.*^[@bib24]^ where *CCL2* expression was found significantly higher in chemosensitive versus chemoresistant tumours and gene expression was correlated with progression-free survival. That study used *CCL2* expression microarray data from a small set of 37 serous EOC samples, and defined expression groups using a partitioning algorithm that identified an optimal threshold value of expression for chemosensitivity.^[@bib24]^ These differences in methodology, such as using a well-defined cohort to establish a threshold of expression, may explain why we found no association between CCL2 protein expression and patient outcome. Thus, while underexpression is a consistent feature of the majority of HGOSC samples based on both gene and protein expression analyses further research, using clinically well-defined cohorts and an appropriate expression threshold, is required to resolve possible associations with disease outcomes.

In summary, *CCL2* is underexpressed in the majority of HGOSCs, and transfection of this gene into the EOC cell line OV-90 resulted in prolonged survival and delayed tumour formation *in vivo*. To our knowledge this is the first investigation of the effects of *CCL2* expression on the tumourigenicity of an EOC cell line. Given the known chemoattractant properties of *CCL2*, its overexpression may have modified tumourigenicity by inducing an anti-tumour immune response. Future studies are warranted to elucidate the mechanism by which *CCL2* expression contributed to tumour latency, as well as to gain a better understanding of the earliest events of EOC tumourigenesis.

Materials and methods
=====================

Tissue specimens
----------------

The HGOSC and normal tissue samples were collected with informed consent from patients undergoing surgeries performed at the Centre hospitalier de l\'Université de Montréal---Hôpital Notre-Dame as described ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}).^[@bib2],\ [@bib55]^ Clinical features, such as disease stage, and tumour characteristics, such as grade and histopathological subtype, were assigned by a gynaecologic-oncologist and/or gynaecologic-pathologist according to the criteria established by the International Federation of Gynaecology and Obstetrics. Disease-free survival, defined as time to doubling of the upper normal limit of the serum cancer antigen marker CA-125 or the detection of a new lesion by ultrasound or CT scan imaging, and overall survival, defined according to the Response Evaluation Criteria in Solid Tumours^[@bib56]^ were extracted from the Système d\'Archivage des Données en Oncologie.

Cell lines
----------

The EOC cell line OV-90 was derived from the ascites of a stage IIIc/grade 3 adenocarcinoma from a chemotherapy naïve patient, as described.^[@bib31]^ The non-tumourigenic Chr3 transfer radiation hybrid RH-6 was derived by fusing a neomycin clone of OV-90 (OV-90 neo^r^), and an irradiated B78MC166 mouse cell line containing human Chr3 as described previously.^[@bib29]^ The cell lines were cultured in Ovarian Surface Epithlelium (OSE) medium (consisting of 50:50 medium 199:105 (Sigma-Aldrich, St Louis, MO, USA)) supplemented with 2.5 μg/ml amphotericin B, 50 μg/ml gentamicin and 10% fetal bovine serum as described previously.^[@bib31],\ [@bib57]^ The primary cultures of NOSE samples were described previously.^[@bib19],\ [@bib55],\ [@bib58]^

Nucleic acid extraction
-----------------------

Total RNA was extracted with TRIzol reagent (Gibco/BRL, Life Technologies Inc., Grand Island, NY, USA) from the cell lines or primary cultures of NOSEs grown to 80% confluency in 100 mm Petri dishes as described previously.^[@bib19],\ [@bib29],\ [@bib55],\ [@bib58],\ [@bib59]^ RNA was extracted from flash-frozen HGOSC tumours or tumour xenografts using the RNeasy Plus Mini Kit (Qiagen, Mississauga, Ontario, Canada) according to the kit instructions. Tissues were homogenized, using a 20-gauge (1.5 inch) needle and syringe. RNA quality was assessed by gel electrophoresis and 2100 Bioanalyzer analysis using the Agilent RNA 6000 Nano kit (Agilent Technologies, Waldbronn, Germany).

CCL2 expression in HGOSC samples
--------------------------------

*CCL2* expression was assessed using a custom Ziplex Research System gene expression array platform (Axela Inc.), which contained probes for *CCL2* and other genes as described in detail elsewhere.^[@bib34]^ RNA from whole ovary (Stratagene, La Jolla, CA, USA) was used as reference for comparison.

Immunohistochemistry
--------------------

CCL2 protein expression was assessed by immunohistochemistry. A tissue array containing 0.6 mm cores was constructed from paraffin-embedded tissue blocks selected based on a review of hematoxylin and eosin-stained slides of HGOSC and normal fallopian tube samples. The cores were arrayed 1 mm apart onto a single paraffin block. The tissue array contained tissue cores that represented 65 HGOSCs also investigated for gene expression, 11 normal fallopian tube samples and 122 additional HGOSCs. Immunohistochemistry analysis was performed using 5-μm sections mounted onto frosted plus slides. Staining was performed with an antibody against human CCL2 (1 : 100; R&D Systems, Burlington, Ontario, Canada), using the Ventana Benchmark XT system (Ventana Medical Systems, Inc., Tucson, Arizona). The tissue array was scanned and images viewed using the Olympus OlyVIA software 2.3 (Build 8529, Olympus America Inc.). Two observers examined the images and independently scored the staining intensity of the epithelial cells in each core as absent (negative), low (detectable but low), moderate (moderately detectable) or high (clearly detectable). The inter-observer correlation coefficient for CCL2 protein expression (0.896) was calculated using the SPSS software version 16.0 (SPSS Inc., Chicago, IL, USA), where the minimum threshold was 0.7.

Generation of CCL2 clones
-------------------------

*CCL2*-expressing clones were generated by transfecting OV-90 cells with the commercially available pDream2.1 vector containing the full coding sequence of *CCL2* in frame with the Flag tag sequence or empty pDream2.1 vector (GeneScript, Piscataway, NJ, USA). The insert was DNA sequence-verified at the McGill University and Genome Quebec Innovation Centre (<http://www.gqinnovationcenter.com/>). Transfection was carried out using lipofectamine 2000 and Opti-MEM (both from Invitrogen, Burlington, Ontario, Canada). The *CCL2*-expressing and EV clones were selected and maintained in the presence of 800 and 400 μg/ml, respectively, of Geneticin (Life technologies inc., Burlington, Ontario, Canada) in OSE complete medium as described above.^[@bib55]^ CCL2 protein expression was assessed by ELISA using the Quantikine Human CCL2/MCP-1 kit (R&D Systems) according the manufacturer\'s protocol. Briefly 600 000 cells were plated in each of a six-well plate, after 24 h the media was replenished, and after a further 40 h the supernatant was removed, filtered (28 mm syringe filter, Corning, Lowell, MA, USA) and used in the enzyme-linked immunosorbent assay. *CCL2* expression was tested by RT--PCR as described below. Forty-seven stable *CCL2* clones were isolated, and two *CCL2* clones (OV-90:*CCL2*^23^ and OV-90:*CCL2*^49^) expressing the highest levels of CCL2 by enzyme-linked immunosorbent assay, were selected for further analyses. Sixteen EV clones were generated and 2 (OV-90:EV^2^ and OV-90:EV^9^) were randomly selected for further analyses.

RT--PCR analyses
----------------

RT--PCR analysis was performed using cDNA synthesized as described.^[@bib29],\ [@bib60]^ Primers were designed using the Primer3 software^[@bib61]^ based on reference sequence *NM_002982*, and on the genomic structure of the *CCL2*,^[@bib62]^ as well as the vector sequence. Endogenous *CCL2* expression was detected using 5′-tcagccagatgcaatcaatg-3′ forward primer and 5′-tggaatcctgaacccacttc-3′ reverse primer, yielding a 191-base pair product. Vector-driven *CCL2* expression was detected using the same forward primer and 5′-cttatcgtcgtcatccttgta-3′ as the reverse primer, yielding a 280-base pair product. The RT--PCR-based assays and visualization of products were performed essentially as previously described.^[@bib63]^

XTT cell viability assay
------------------------

Cell viability was determined by an XTT-based *in vitro* toxicology assay kit according to the manufacturer\'s protocol (Sigma-Aldrich, Oakville, Ontario, Canada). In total, 4000 cells per well were seeded, in triplicate, in a 96-well plate, and separate plates were used for each time point (day) of the assay. Changes in optical density, a read-out for cell viability, were monitored over 8 days. The assay was repeated three times.

Spheroid growth
---------------

OV-90 and the clones were tested for their capacity to form spheroids in hanging drop culture, as described.^[@bib64]^ Spheroid formation was monitored by light microscopy over 8 days.^[@bib32]^ The assay was preformed in triplicate.

Colony formation
----------------

The ability of the cells to form colonies was assessed by colony formation assays. In all, 500 cells suspended in OSE complete medium were seeded, per well, in a six-well plate, in triplicate, and allowed to grow for a period of about 2 weeks, at which time media was removed, cells washed with 1X phosphate-buffered saline and fixed in methanol. Post-fixation, the cells were stained with Giemsa stain, modified solution overnight (Sigma-Aldrich). Colonies were counted, and the mean of the triplicates calculated. The assay was repeated four times.

Wound healing assay
-------------------

The ability of OV-90 and the clones to migrate and fill a wound was determined using Culture-Inserts (Ibidi, Ingersoll, Ontario, Canada), according to the manufacturer\'s protocol. Briefly, 50 000 cells were seeded into the outer wells of two adjacently placed Culture-Inserts in a volume of 70 μl and incubated at 37 °C. Once the wells reached confluence, the Culture-Inserts were removed creating a 1-mm gap (wound). Cell migration was then monitored until the gap was filled. The assay was repeated twice, in triplicate.

*In vivo* tumourigenicity assays
--------------------------------

Tumourigenic potential was assessed based on the ability to form tumours in 42-day-old female severe combined immunodeficiency mice (severe combined immunodeficiency CB17, Charles River, Wilmington, MA, USA) at s.c. left gluteal (*n*=6 mice) and i.p. injection sites (*n*=6 mice). Each mouse was injected at either site with 1 × 10^6^ of OV-90, OV-90:*CCL2*^23^, OV-90:*CCL2*^49^, OV-90:EV^2^ or OV-90:EV^9^ cells suspended in phosphate-buffered saline for the i.p. site and 50% matrigel (BD Biosciences, Mississauga, Ontario, Canada) for the s.c. site experiment. Animals were housed under sterile conditions in a laminar flow environment with *ad libitum* access to food and water. Tumour formation was measured over 113 days. Animals were killed and tumours collected before neoplastic masses reached \>2500 mm^3^ in the s.c. experiment, or maximal tumour burden and ascites formation in the i.p. experiment, according to the guidelines of the Canadian Council on Animal Care. Phosphate-buffered saline-injected mice (*n*=4) served as injection controls in each experiment. Mice were monitored twice weekly and data were collected for mouse weight (i.p. and s.c. experiments) and tumour volume (s.c. experiments).

Expression microarray analysis of *CCL2* clones
-----------------------------------------------

Microarray expression analysis of total RNA from OV-90:*CCL2*^23^, OV-90:*CCL2*^49^ and OV-90 cell lines was performed once per sample using the Affymetrix GeneChip U133 Plus 2 array (Affymetrix, Santa Clara, CA, USA) at the McGill University and Genome Quebec Innovation Centre (<http://gqinnovationcenter.com>). Gene expression levels were determined from scanned images using the MAS5.0 software (Affymetrix Microarray Suite). To eliminate systematic biases when comparing the expression values from independently generated data sets, the raw data were normalized and rescaled as previously described.^[@bib29],\ [@bib59],\ [@bib65],\ [@bib66]^ Differentially expressed genes were defined as those that exhibited at least a threefold difference in expression in both *CCL2* clones (same pattern), relative to OV-90, and had an expression value difference of at least 100 in both *CCL2* clones relative to OV-90.

Statistical analyses and bioinformatic analyses
-----------------------------------------------

An independent sample *t*-test, not assuming equal variance, was performed to determine the significance of *CCL2* expression using the SPSS software (Statistical Product and Service Solution Package). Student\'s *t*-tests were performed to identify significant differences in *in vitro* and *in vivo* analyses using Simple Interactive Statistical Analysis (<http://www.quantitativeskills.com/sisa/>). Kaplan--Meier survival curve analysis coupled with the log-rank test was performed to evaluate survival in mouse tumourigenicity assays using the SPSS software. Survival curve analysis was performed on all groups combined ([Figure 4b](#fig4){ref-type="fig"}) as well as on all possible pairs of groups ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The relationship between CCL2 immunostaining (using all possible groupings based on absent, low, moderate and high staining levels) and overall or disease-free survival as defined above were evaluated using Kaplan--Meier survival curve analyses coupled to the Mantel--Cox log-rank test, and performed using the SPSS software. *P*-values \<0.05 were considered significant.

The 89 probe sets (67 genes) found differentially expressed at least threefold in both *CCL2* clones relative to OV-90 were evaluated by the DAVID Bioinformatics Resources 6.7 functional annotation clustering tool.^[@bib67]^ Significant GO biological process terms were extracted along with gene counts and *P*-values as determined by a modified Fisher\'s exact test. The associated biological functions of these probe sets were also evaluated using Ingenuity Pathways Analysis (Ingenuity Systems, [www.ingenuity.com](http://www.ingenuity.com)). Right-tailed Fisher\'s exact test was used to calculate a *P*-value determining the probability that each biological function assigned to that data set is due to chance.
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![Characterization of *CCL2*-expressing clones. CCL2 ELISA results for a positive control (RH-6), a negative control (OV-90), stable EV clones: OV-90:EV^2^, OV-90:EV^9^, and stable *CCL2*-expressing clones: OV-90:*CCL2*^23^ and OV-90:*CCL2*^49^ (**a**). Semi-quantitative RT--PCR analysis of *CCL2* performed on complementary (c) DNA samples prepared from the parental OV-90, OV-90:EV^2^, OV-90:EV^9^, OV-90:*CCL2*^23^ and OV-90:*CCL2*^49^ (**b**). The expression of *18S* cDNA is shown for RNA quality. Light microscope photographs of the cell morphology of OV-90, OV-90:EV^2^, OV-90:EV^9^, OV-90:*CCL2*^23^ and OV-90:*CCL2*^49^, arrows indicate representative cell morphology (**c**). Light microscope photographs are × 100 magnification. Cell viability by XTT assay of OV-90, OV-90:EV^2^, OV-90:EV^9^, OV-90:*CCL2*^23^ and OV-90:*CCL2*^49^, representative results from one independent experiment that was performed in triplicate (**d**). Cell viability was measured over 8 days and cell culture media-only wells served as controls (OSE and OSE-G418).](oncsis201225f1){#fig1}

![*In vitro* characterization of the *CCL2*-expressing clones. Light microscope photographs of OV-90, OV-90:EV^2^, OV-90:EV^9^, OV-90:*CCL2*^23^ and OV-90:*CCL2*^49^ spheroids on day 8 of the assay, edges of the hanging droplets are shown (**a**). Colony forming ability of OV-90, OV-90:EV^2^, OV-90:EV^9^, OV-90:*CCL2*^23^ and OV-90:*CCL2*^49^ (**b**). Magnified ( × 4) colonies formed by OV-90, OV-90:EV^2^, OV-90:EV^9^, OV-90:*CCL2*^23^ and OV-90:*CCL2*^49^ (**c**). Average number of colonies formed in colony formation assay, representative results from one independent experiment that was performed in triplicate (**d**). Wound healing assay of OV-90, OV-90:EV^2^, OV-90:EV^9^, OV-90:*CCL2*^23^ and OV-90:*CCL2*^49^ over a period of 5 days (**e**). Light microscope photographs are × 100 magnification.](oncsis201225f2){#fig2}

![S.c. injection site *in vivo* tumourigenicity assay. Mean survival, in days, of mice injected with OV-90, OV-90:EV^2^, OV-90:EV^9^, OV-90:*CCL2*^23^ or OV-90:*CCL2*^49^ at s.c. injection sites with six mice per group, and four phosphate-buffered saline (PBS)-injected mice as injection controls (**a**). Final mean tumour volume per group (**b**). Mean tumour volume per group over time (**c**).](oncsis201225f3){#fig3}

![I.p. injection site *in vivo* tumourigenicity assay. Mean survival, in days, of mice injected with OV-90, OV-90:EV^2^, OV-90:EV^9^, OV-90:*CCL2*^23^ or OV-90:*CCL2*^49^ at i.p. injection sites with six mice per group, and four PBS-injected mice as injection controls (**a**). Kaplan--Meier survival curves comparing all groups (**b**).](oncsis201225f4){#fig4}

![*CCL2* expression and hematoxylin and eosin staining of xenografts. Semi-quantitative RT--PCR analysis of endogenous *CCL2* (*CCL2*) and introduced, expression vector-derived, *CCL2* (*Flag/CCL2*) performed on cDNA samples prepared from a subset of xenografts obtained from both i.p. and s.c. injection sites (**a**). The expression of 18S cDNA is shown for RNA quality. Hematoxylin and eosin staining of OV-90, OV-90:*CCL2*^23^ and OV-90:*CCL2*^49^ xenografts obtained from both s.c. and i.p. injection sites at time of killing (**b**). Images were obtained from the OlyVIA image viewer (Olympus America Inc., Center Valley, PA, USA).](oncsis201225f5){#fig5}

![Enriched biological term and biological function analysis of the 89 probe sets differentially expressed in the *CCL2*-expressing clones. Significantly enriched GO biological process terms derived from the DAVID functional annotation classification tool, with *P*-values \<0.05 classified as significant by a modified Fisher\'s exact test (**a**). Ingenuity pathway analysis of enriched biological functions (**b**).](oncsis201225f6){#fig6}

![*CCL2* expression in HGOSC. *CCL2* expression in 11 NOSE samples, normal whole ovary and 79 HGOSC samples as determined by Ziplex Research System expression array (Axela Inc., Toronto, Ontario, Canada) (**a**). Examples of CCL2 expression in cores from four HGOSC samples (left panel) showing, negative, detectable but low, moderately detectable and clearly detectable CCL2 staining, and examples of CCL2 staining in cores from two normal fallopian tube tissue samples (right panel) (**b**). Percentages refer to the proportion of the 187 HGOSC samples showing negative, detectable but low, moderately detectable and clearly detectable staining patterns of protein expression ([Table 2](#tbl2){ref-type="table"}). 'E\' indicates epithelial cells and 'S\' indicates stromal cells. Immunohistochemistry images were obtained from the OlyVIA image viewer (Olympus America Inc.). The Kaplan--Meier survival curve analysis of HGOSC cases for overall (**c**) and disease-free (**d**) survival (in months) of patients whose tumours showed negative or low CCL2 staining (*n*=136) compared with patients whose tumours showed moderately or clearly detectable CCL2 staining (*n*=51). Indicated *P*-values were derived from log-rank tests.](oncsis201225f7){#fig7}

###### Genes differentially expressed at least threefold in both *CCL2*-expressing clones relative to OV-90

![](oncsis201225t1)

###### Summary of immunohistochemistry analysis of CCL2 in HGOSC samples

                                    *HGSOC cohort (*n)                                          
  ---------------------------- ----------------------------- ---------------------------------- ---------------------------
                                *Initial HGOSC cohort (65)*   *Additional HGOSC samples (122)*   *All HGOSC samples (187)*
  *Staining pattern (n (%))*                                                                    
   Negative                               26 (40)                         51 (42)                         77 (41)
   Detectable but low                     24 (37)                         35 (29)                         59 (32)
   Moderately detectable                  9 (14)                          19 (16)                         28 (15)
   Clearly detectable                      6 (9)                          17 (14)                         23 (12)

Abbreviation: HGSOC, high-grade ovarian serous carcinomas.
